ABSTRACT: The influences of the physical structure of coralline algal turf on associated macrofaunal assemblages were examined on a rocky intertidal shore near Sydney, Australia. Patches of artificial turf were used in a field experiment to mimic the physical structure of natural coralline turf. After 2 and 4 mo, the macrofaunal assemblages in artificial turf were compared to those in natural coralline turf and several control treatments. The initial development of assemblages in artificial turf was different from that in natural coralline turf. After 4 mo, however, the composition of macrofauna did not differ between natural and artificial turf, although abundances of bivalves and amphipods were significantly greater in artificial turf. Because of the similarities between the macrofaunal assemblages in natural and artificial turf, it is clear that the physical structure of the habitat has a major influence on the biodiversity of these assemblages. Nevertheless, differences between assemblages in natural and artificial turf probably indicate either that there were artefacts associated with the artificial turf or that biological characteristics of coralline turf also contribute to the diversity and abundances of macrofauna.
INTRODUCTION
Biogenic habitats, those created by living organisms, generally have strong influences on local biodiversity (see Jones et al. 1994 Jones et al. , 1997 for review). The physical structure created by biogenic habitats usually changes local environmental conditions and thereby alters biotic interactions among resident organisms (see Bell et al. 1991 for review) . In addition, properties associated with being a habitat created by living organisms (e.g. its value as a food resource; see Brawley 1992 for review) may also affect many ecological processes. Differences in either the physical or biological characteristics of biogenic habitats can therefore have major impacts on community structure (Williams & Seed 1992 , Knowles & Bell 1998 , Crooks & Khim 1999 .
Organisms that form mat-like biogenic habitats, such as mussel beds (see Seed 1996 for review), ascidians (Fielding et al. 1994) , algal turf (Myers & Southgate 1980 , Dean & Connell 1987a and lichens (Healy 1996) , are common on rocky intertidal shores. These habitats are generally associated with diverse and abundant macrofaunal assemblages (e.g. Tsuchiya & Nishihira 1985 , Dean & Connell 1987a and therefore make large contributions to the local biodiversity. In these habitats, physical characteristics are believed to have strong influences on the associated organisms because the mat-like structure traps sediment and organic material (Tsuchiya & Nishihira 1985 , Gibbons 1988 ) and provides a refuge from desiccation (Nixon et al. 1971 , Gibbons 1988 , predation (Coull & Wells 1983 , Dean & Connell 1987c and wave action (Dommasnes 1968 , Whorff et al. 1995 . Nevertheless, biological characteristics of these habitats may also be important. For example, organisms may exude chemicals that attract or repel larvae of marine invertebrates or stim-ulate settlement (see Underwood 1979 , Pawlik 1990 for reviews), or filter-feeding organisms may consume settling larvae (Williams 1980 , Andre & Rosenberg 1991 . In addition, these habitat-forming organisms may be a source of food (Brawley 1992) or detritus (Tsuchiya & Nishihira 1985) or produce toxic chemicals (see Dean & Connell 1987b) .
Separating the relative importance of physical and biological characteristics of biogenic habitats on associated organisms has often been attempted by comparing assemblages of organisms in artificial structures that mimic natural habitats to the organisms in the natural habitats (Cummings & Ruber 1987 , Sogard 1989 , Worthington & Fairweather 1989 , Edgar 1991 , Crooks & Khim 1999 . These artificial mimics possess similar physical characteristics to the natural habitats, but because they are not alive, they do not exhibit any of the biological characteristics. Various types of mimics or artificial substrata have been used to test hypotheses about faunal assemblages associated with mat-like habitats on rocky intertidal shores (e.g. modified polypropylene rope, Dean & Connell 1987b , Edgar 1991 ; bundles of polyvinyl chloride [PVC] twine, Schreider 1998; plastic sheet, Dean & Connell 1987b ; plastic pan scourers, Myers & Southgate 1980 , Gibbons 1988 . In some cases, it has been shown that the composition of assemblages in artificial habitats does not differ significantly from those in natural habitats (e.g. Dean & Connell 1987b) , suggesting that the physical characteristics of the habitat are most important in structuring associated assemblages. More often than not, however, there are differences between the assemblages in natural and artificial habitats (e.g. Myers & Southgate 1980 , Edgar 1991 . Interpreting these results is much more difficult because there are alternative explanations, other than just influences of biological characteristics of the habitat. For example, differences in macrofauna may be due to the materials used to construct habitat mimics or due to subtle differences in physical structure. Alternatively, differences may be due to historic processes, such as large recruitment events or disturbances, that occurred prior to deployment of the artificial habitat but that have lasting effects on natural assemblages. Although it may not be possible to control all of these factors, careful experimental design will eliminate some of this uncertainty.
This report describes experiments investigating the importance of physical characteristics of coralline algal turf on associated macrofaunal assemblages on rocky intertidal shores near Sydney, Australia. Turf-forming articulated coralline algae are a major component of algal assemblages on many rocky shores (e.g. Stewart 1982 , Dye 1993 , Chapman & Underwood 1998 , Akioka et al. 1999 . The densely packed fronds of coralline turf provide habitat for extremely diverse macrofaunal assemblages (Hicks 1971 , Akioka et al. 1999 , which may contain in excess of 200 000 animals m -2 (Brown & Taylor 1999) . In this study, the influence of physical characteristics of coralline turf on associated macrofaunal assemblages was tested by comparing the macrofauna associated with habitat mimics, natural turf and a set of procedural controls (see 'Materials and methods') using univariate and multivariate techniques. As it was not known how long it would take for assemblages to develop, the experiment was set up so that they could be sampled independently at 2 times.
MATERIALS AND METHODS
This study was done at the Cape Banks Scientific Marine Research Area on the northern headland of the entrance to Botany Bay, Sydney, Australia (34°00' S, 151°15'E; see Underwood et al. 1983 , Fairweather & Underwood 1991 for description). The experiment was set up in a 20 × 5 m area of the rock platform that was between 0.45 and 0.55 m above Indian Low Water Springs (tidal datum for Sydney). This area had extensive mats of coralline algal turf, comprising predominantly Corallina officinalis Linnaeus, although Jania spp. Lamouroux and Amphiroa spp. Lamouroux were occasionally found. The turf was also associated with a diverse epiphytic assemblage (see Kelaher 2000 for a description).
Patches of artificial turf (manufactured by Grass Alternative) were used as a surrogate for natural coralline turf. The turf was made of bundles of 16 polypropylene strips, separated from each other by 6 mm and attached in regular rows (10 mm apart) to a latex back. Each polypropylene strip was orangeybrown, 26 mm long and 1.5 mm wide. The artificial turf was considered a relatively good habitat mimic for coralline turf because it had similar mat-like structure and frond length, trapped sediment and was quickly colonised by epiphytes. Although the colour of the polypropylene differed from natural turf, several studies have shown that the colour of artificial structures mimicking coralline turf has little influence on associated fauna (Worthington & Fairweather 1989 , Kelaher 2000 . For each patch, the artificial turf was glued to an aluminium sheet (0.6 mm thick) for rigidity and attached to the rock platform by 3 stainless steel screws. For each patch, a circular clearing 15 cm in diameter (177 cm 2 ) was made in a mat of natural coralline turf, and a similar-sized patch of artificial turf was attached to the cleared rock surface. Clearings were carefully made to minimise the gap between the edge of the artificial turf and the surrounding coralline algae.
Testing the hypotheses required that macrofaunal assemblages in natural coralline turf be compared to those in artificial turf. Any differences between macrofauna in these treatments may not simply be due to biological characteristics of coralline turf, but also to biological and environmental processes that influenced macrofauna in natural coralline turf prior to deployment of the artificial turf. To control for historical effects and the possibility that existing assemblages influence colonisation, a treatment was included where natural coralline turf was defaunated, so that there were no macrofaunal assemblages at the beginning of the experiment. To defaunate the turf, cores of rock with the intact coralline turf were drilled from the platform using a diamond-tipped corer. Each core was rinsed vigorously with running freshwater and carefully picked through with forceps to remove any obvious remaining animals. The cores were then cemented back into their original position on the same day using quick-setting cement (Flashcrete, Lafargue Fondu). A previous study showed that this method had no immediate visible effects on the turf itself but removed approximately 90% of all animals, except bivalves (Kelaher 2000) . Only about 60% of bivalves (mostly Lasaea australis) were removed because they are often embedded in the holdfasts of coralline turf, and it is not possible to remove them without destroying the turf itself. Some epiphytes were accidentally removed in the defaunating process but appeared to recover quickly. Because drilling and concreting rock cores could potentially be a large disturbance to macrofauna, which might itself alter the colonising assemblage, a procedural control was included in which rock cores were drilled and cemented back into position on the same day, but the turf was not defaunated. The experiment therefore had 4 treatments: untouched turf, artificial turf, defaunated turf and a procedural control.
For each treatment, 10 replicate patches were set up in December 1997. Patches of artificial turf, rock cores and samples of natural coralline turf were all 15 cm in diameter (177 cm 2 ). This size of replicate was used because it provided reasonably precise estimates of the mean richness and abundances of taxa in this diverse macrofaunal assemblage (Kelaher 2000) . The position of each replicate on the shore was haphazardly selected and measured relative to fixed markers. Five replicates of each treatment were to be destructively sampled 2 mo and 4 mo after the experiment was started. Over the course of the experiment, several patches of artificial turf and rock cores were severely damaged during storms. Consequently, the number of replicates for each treatment was reduced from 5 to 4. For treatments with natural coralline turf, the sediment and algae in each replicate were scraped off at the level of the rock. Patches of artificial turf were simply unscrewed from the rock surface.
In the laboratory, each replicate of natural and artificial turf was washed thoroughly in a 500 µm sieve. The fauna remaining in the sieve were identified and counted using a binocular microscope (×16 magnification). Although sessile animals that were permanently attached to the fronds or substrata (e.g. sponges, bryozoans, serpulid and spirorbid polychaetes, barnacles, etc.) were commonly found in the turf, these animals were not included in the study because the methods used were not appropriate to quantify them accurately. In total, 39 320 individual animals were counted and identified in 102 different taxa ( Table 1 ). The taxonomic resolution of macrofauna varied among groups because many of the animals were juveniles and could not be reliably identified to species using taxonomic keys (when keys were available), and many of the species have not been described in Australia.
Non-parametric multivariate analysis of variance (NP-MANOVA) were used to test hypotheses about differences among the composition of macrofaunal assemblages (Anderson 2001) . NP-MANOVA were followed by a posteriori pair-wise comparisons on appropriate terms in the model found to be significant at p ≤ 0.05. For these tests, only probability values are presented because the multivariate F-statistics and Tstatistics are generated by permutations. Non-metric multidimensional scaling (nMDS; Field et al. 1982 , Clarke 1993 ) was used to produce 2-dimensional ordination plots to show relationships among samples of macrofaunal assemblages. All multivariate analyses were done using a Bray-Curtis similarity coefficient (Bray & Curtis 1957) on presence/absence data. Hypotheses were therefore tested about differences in the composition of assemblages because the abundances of individual taxa did not contribute to dissimilarity measures. Differences in abundances of individual taxa were subsequently tested with univariate analyses.
ANOVA was used to test hypotheses about differences in richness of taxa and abundances of nematodes, polychaetes, amphipods, gastropods and bivalves. The abundances of these faunal groups were analysed separately because they were generally the most diverse and abundant groups in the assemblage. ANOVA were preceded by Cochran's test for homogeneity of variances (Underwood 1997) . Where variances showed significant heterogeneity, the data were transformed using a function (Underwood 1997) . After this, all Cochran's tests were not significant.
RESULTS
Two months after the experiment was started, the composition of macrofaunal assemblages in artificial turf was significantly different from that of the other treatments, which did not differ from each other (Fig. 1) . Two months later, there were, however, no interpretable differences in the composition of macrofaunal assemblages among treatments ( Fig. 1b ; NP-MANOVA: time × treatment interaction; df = 3, 24; p < 0.05). Because at either time of sampling, there were no significant differences in the richness of taxa among treatments (Table 2, Fig. 2a ), the differences in the composition of assemblages after 2 mo were mostly caused by differences in the identity of taxa and the frequency with which taxa occur in natural and artificial turf. For example, some taxa, such as polynoid polychaetes, podocorid amphipods and the snail Austrocochlea porcata, were found in artificial turf after Table 2 . ANOVA for richness of taxa and abundances of major faunal groups (n = 4 replicate cores in each treatment). ti: fixed comparsion between abundances at 2 and 4 months; tr: fixed comparsion among the 4 treatments; *p < 0.05; **p < 0.01; ***p < 0.001; ns: p > 0.05. See Fig. 2 for interpretation of Student-Neuman-Keuls tests 2 mo but were not in coralline turf. In contrast, other taxa, such as the dipteran larvae Clunio sp., the starfish Patiriella exigua and pycnogonids, were found in natural coralline turf but not in artificial turf. Furthermore, some taxa, such as polyclad flat worms (χ 2 = 8.89, 1 df, p < 0.01) and the snail Littorina acutispira (χ 2 = 4.45, 1 df, p < 0.05), occurred more frequently in replicates of artificial turf than in natural turf. Other taxa, such as the snails Zafra atkinsoni (χ 2 = 10.00, 1 df, p < 0.01) and Rissoella confusa robertsoni (χ 2 = 8.89, 1 df, p < 0.01), showed completely opposite patterns of occurrence. Despite differences in early colonisation, however, the compositions of assemblages in coralline and artificial turf were similar after 4 mo. Moreover, all of the taxa found in artificial turf have been found in coralline turf at various times and places (Kelaher 2000) .
The abundance of polychaetes did not differ significantly among treatments at either time of sampling (Table 2, Fig. 2b ). After 2 mo, however, there were significantly more nematodes in the untouched treatment than in other treatments (Table 2, Fig. 2c ), which indicates that nematodes had not yet fully colonised the defaunated artificial treatments or that drilling and concreting rock cores had short-term negative effects on these animals. After 4 mo, the abundance of nematodes did not differ significantly among treatments (Fig. 2c) . Amphipods exhibited a different pattern of colonisation because, although the abundance of amphipods did not significantly differ among treatments after 2 mo, there were significantly more amphipods in the artificial turf than in the other treatments after 4 mo (Table 2, Fig. 2d ). In contrast to other taxa, after 2 mo, there were significantly more gastropods and bivalves in the untouched and control treatments than in the defaunated and natural treatments (Table 2 , Fig. 2e,f) . This indicates that 2 mo was not enough time for these molluscs to fully colonise defaunated turf. After 4 mo, the abundance of gastropods did not significantly vary among treatments (Fig. 2e) , although there were more bivalves in the artificial turf than in other treatments (Fig. 2f) .
DISCUSSION
It was predicted that the physical characteristics of coralline turf were mostly responsible for structuring associated macrofaunal assemblages, if the composition, richness and abundance of macrofauna in artificial turf converged over time to become similar to those in natural coralline turf. In analyses, this biological hypothesis was equivalent to the statistical null hypothesis. It is well known that failure to reject the statistical null hypothesis is not considered proof that the null hypothesis is true because large variation among replicates and inadequate replication could be responsible (McDonald & Erickson 1994) . Prior information indicated that the size of replicate used in this study provided reasonably precise estimates of mean richness and abundance of macrofauna in coralline turf, reducing the chance of a Type II error (Kelaher 2000) . Subsequently, the variation among replicates and interpretation of results of most comparisons in this study was completely reasonable. Nevertheless, caution was needed to interpret comparisons where there were large, but not significant, differences among treatment means and relatively large standard errors, e.g. abundances of polychaetes after 2 mo.
There was almost no evidence to suggest that the biological history of existing assemblages in coralline turf has lasting effects because, after 4 mo, there were no significant differences between the macrofauna in the untouched and those in the defaunated treatments. Including the defaunated treatment in the experiment was essential to interpret any differences between assemblages in natural and artificial turf in terms of artefacts associated with the artificial habitat or biological characteristics of coralline turf, rather than the result of processes that affected the assemblages before the experiment was set up. It is important that this type of control be considered in future experiments that use habitat mimics to test hypotheses about the effects of physical or biological characteristics of biogenic habitats. Overall, the results show that the physical structure of coralline turf is extremely important to associated macrofaunal assemblages. Similar to other studies that have investigated the influence of physical characteristics of algal turf on macrofauna (e.g. Myers & Southgate 1980 , Edgar 1991 ) the present study did, however, also show that the physical structure of the habitat probably cannot explain the abundances of some taxa. In addition, after 2 mo, the differences between the compositions of macrofaunal assemblages in treatments with natural coralline turf and those in artificial turf probably indicate that the physical structure of coralline turf cannot completely explain the biodiversity of developing assemblages.
Although it is possible that the materials and structure of artificial turf cause differences between assemblages in natural and those in artificial turf, it is probable that biological characteristics of coralline turf make a major contribution to these differences. For example, differences between the composition of developing assemblages associated with coralline and artificial turf may be due to existing epiphytic algae and films of diatoms that were initially present on the natural coralline turf but not on the artificial turf. Each of these biological materials and the coralline turf itself provide a source of food for some animals (Worthington & Fairweather 1989 , Brawley 1992 and exude chemicals that may attract or repel larvae of marine invertebrates (see Underwood 1979 , Pawlik 1990 for reviews) and, therefore, may influence the initial development of macrofaunal assemblages. Because there was much less difference in the composition of assemblages in natural and artificial turf after 4 mo, it is unlikely that any such initial differences have any lasting influences. It should be noted, however, that given longer time for colonisation, it is possible that composition of assemblages in the natural and artificial habitat could once again diverge.
One particularly striking difference between macrofauna in natural and those in artificial turf was the larger abundance of bivalves and amphipods in the artificial turf after 4 mo. Other studies using artificial habitat mimics to investigate the influence of habitat structure on marine macrofaunal assemblages have also found greater abundances of molluscs, small mobile crustaceans and other taxa in artificial habitat mimics than in natural habitats (marine algae, Myers & Southgate 1980 , Edgar 1991 seagrass, Virnstein & Curran 1986; salt marsh, Cummings & Ruber 1987) , although possible mechanisms for these differences have rarely been discussed.
Because the artificial turf used in this study was not an exact mimic of natural coralline turf, it is possible that differences in abundances of macrofauna were caused by differences in physical structure. The biggest difference between the physical structure of natural and that of artificial turf is the complexity of individual fronds. Fronds of artificial turf have a relatively simple shape, whereas natural coralline turf has complex branching fronds. It has been shown that as the complexity of algal fronds increases, the diversity and abundance of the associated fauna also increase (Gee & Warwick 1994 , Davenport et al. 1999 . In this study, there were, however, greater abundances of bivalves and amphipods in the habitat with simpler fronds. Consequently, differences between macrofaunal assemblages in natural and those in artificial turf are probably not related to differences in the structure of natural and artificial turfs but are due to biological characteristics of natural coralline turf.
One possible biological mechanism that may explain these differences is the continuous loss and growth of algal fronds that occur in natural turf. As natural algal fronds senesce and are removed from the turf, the epiphytes that are attached to them are also removed. Moreover, the extra drag created by epiphytes is likely to increase the rate of frond loss on relatively exposed rocky shores (D 'Antonio 1985) . The amount of epiphytes associated with algae and seagrass is often positively associated with the local abundance of amphipods (Schneider & Mann 1991 , Schreider 1998 . Furthermore, small bivalves (especially Lasaea australis) are often weakly attached to algal fronds or wedged in the spaces between fronds and are therefore likely to be dislodged when fronds are removed. Because the fronds of artificial turf are rarely lost, it could therefore be expected that the abundances of amphipods and bivalves in developed assemblages would be greater in artificial turf than in natural coralline turf.
Previous studies have shown that the diversity and abundance of macrofauna often vary among patches of algal turf on rocky intertidal shores (e.g. Whorff et al. 1995 , Kelaher 2000 . The materials and techniques used in this experiment may be extremely useful for testing hypotheses about biological and environmental processes that cause such variation. First, the results showed that artificial grass made a reasonable surrogate for natural coralline turf. Artificial turf comes in a variety of physical structures (e.g. different lengths, widths and density of fronds) and therefore may be ideal for testing hypotheses about the influence of variation in habitat structure on the associated faunal assemblages. It is clear from the results of this study, however, that the timing of future experiments may be extremely important and should be specific to particular organisms being investigated. For example, experiments about bivalves should not exceed 2 mo because after this the abundances will deviate from those naturally found in coralline turf. Second, this study showed that it is possible to drill, cement and defaunate cores of rock with intact algal turf on top, with minimal disturbance to the turf itself. Transplantation experiments have been extremely useful for elucidating ecological processes on rocky intertidal shores (e.g. Schonbeck & Norton 1980 , Gunnill 1982 . Such experiments have been rarely done on algal turf because of the difficulties involved in transplanting and re-establishing the algae. Using the techniques in this study, however, it should be possible to transplant algal turf with or without the associated macrofaunal assemblages to different places on the shore with relatively few artefacts.
In summary, this study demonstrated that, like other complex mat-like habitats on rocky shores, the physical structure of coralline turf is extremely important to the biodiversity of the associated macrofaunal assemblage. This is not unexpected because it is well known that the physical structure of these habitats may provide a refuge from desiccation (Nixon et al. 1971 , Gibbons 1988 , predation (Coull & Wells 1983 , Dean & Connell 1987c and wave action (Dommasnes 1968 , Whorff et al. 1995 . Nevertheless, there were clear differences in the abundance of some taxa between natural and artificial turf. Although it is possible that these differences were the results of artefacts associated with habitat mimics, it is probable that biological characteristics of coralline turf also influence the abundance of macrofauna in these habitats. To elucidate these processes, however, further experimentation is needed.
